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In large scale mass spectrometry-based phosphopro-
teomics, a current bottleneck is the unambiguous assign-
ment of the phosphorylation site within the peptide. An
additional problem is that it has been reported that under
conditions wherein peptide ions are collisionally activated
the phosphate group may migrate to a nearby phosphate
group acceptor, thus causing ambiguity in site assign-
ment. Here, we generated and analyzed a statistically
significant number of phosphopeptides. Starting with a
human cell lysate, we obtained via strong cation ex-
change fractionation nearly pure phosphopeptide pools
from trypsin and Lys-N digestions. These pools were sub-
jected to nano-LC-MS using an Orbitrap mass spectrom-
eter that is equipped with both CID and electron transfer
dissociation with supplemental activation (ETcaD) func-
tionality. We configured a method to obtain sequentially
both ETcaD and CID spectra for each peptide ion. We
exploited the resistant nature of ETcaD toward rearrange-
ment of phosphate groups to evaluate whether there is
potentially phosphate group relocation occurring during
CID. We evaluated a number of peptide and spectral an-
notation properties and found that for �75% of the se-
quenced phosphopeptides the assigned phosphosite was
unmistakably identical for both the ETcaD and CID spec-
tra. For the remaining 25% of the sequenced phos-
phopeptides, we also did not observe evident signs of
relocation, but these peptides exhibited signs of ambigu-
ity in site localization, predominantly induced by factors
such as poor fragmentation, sequences causing ineffi-
cient fragmentation, and generally poor spectrum quality.
Our data let us derive the conclusion that both for trypsin-
and Lys-N-generated peptides there is little relocation of
phosphate groups occurring during CID. Molecular &
Cellular Proteomics 9:2140–2148, 2010.

Signaling events, many of which are regulated by dynamic
protein phosphorylation, form the basis of inter- and intracel-
lular communication. Cellular activation, for instance, by a
specific activation of a membrane receptor often induces
changes in phosphorylation in that receptor but also in hun-
dreds of other proteins connected to that receptor in down-
stream pathways. Obtaining in-depth phosphopeptide pro-
files consisting of significant numbers of sites on thousands of
proteins has now become accessible to the specialized pro-
teomics community (1). A number of key technologies and
strategies have led to this breakthrough. Peptide complexity
reduction and/or phosphopeptide enrichment can be consid-
ered to be one of the most improved aspects of these phos-
phoproteomics profiling methodologies. A classic strategy for
a phosphoproteome screen is to perform a fractionation of the
sample followed by enrichment using a reagent with affinity
for the phosphate group (2). Strong cation exchange (SCX)1-
(3–5) and SDS-PAGE (“GeLCMS”) (6, 7)-based fractionation
are the most common, although hydrophilic interaction chro-
matography (8, 9) and isoelectric focusing (IEF) (10, 11) pro-
vide attractive alternatives. In the case of SCX and hydrophilic
interaction chromatography, one can obtain nearly “uncon-
taminated” phosphopeptide enrichment when appropriate
conditions and materials are chosen (5, 12). The classic
choice for the second step has been immobilized affinity
chromatography (IMAC) (13), which can have its selectivity
improved even further through the use of additives (14) or
methyl esterification of the peptide population (15). In recent
years, one of the most popular technologies used for enrich-
ment of phosphopeptides has been titanium dioxide (TiO2)
(16) often with additives (17, 18), and it has been applied either
in an off-line form or on line as part of the final nano-LC-MS
step (19–21). Alternative metal oxides such as those of zirco-
nium (22) have proven to be quite successful too. In the
specific case of phosphotyrosine profiling, antibodies against
phosphotyrosine, at the peptide level, have been demon-
strated to be very effective (23–25). The increase in through-
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put of phosphoproteomics data has caused the community to
focus on high throughput analysis of the mass spectrometric
data to expedite interpretation. One aspect that has received
much attention is the dominant neutral loss peak in the frag-
mentation spectra of phosphopeptides as obtained by tradi-
tional CID experiments (26, 27). The neutral loss issue is
somewhat exacerbated for ion trap-based collision-induced
dissociation primarily because of the energetic regime used
and the need to use a discrete limited ion population (28). The
neutral loss peak can often suppress sequence-diagnostic ion
peaks, causing identification of the peptide to become diffi-
cult or even impossible. Because the use of ion traps currently
represents the most common way of performing phosphopro-
teome screens, there have been various attempts to alleviate
this specific problem. Modified fragmentation regimes have
been introduced such as neutral loss-triggered MS3 (2, 4, 29)
and “multistage activation” (30), which alleviate the neutral
loss issue. Both of these methods fragment the neutral loss
peak of the precursor ion further to generate more backbone
cleavages, which then form the more diagnostic source for
peptide sequencing. Alternatively, there has also been a re-
exploration of tandem in space collision-induced dissociation
in the form of the higher-energy collisional activated dissoci-
ation cell (31), which exhibits lower levels of neutral loss
because the activation step occurs at higher energies and in
shorter time frames (28). Electron transfer dissociation (ETD)
and electron capture dissociation have also shown great
promise because the phosphate group remains attached dur-
ing and after activation (32–35). Many detected phosphopep-
tides contain multiple serine/threonine/tyrosine residues, rep-
resenting the likely possibility that there is more than one
possible location for the site of phosphorylation within the
peptide. The abundant neutral loss observed in low energy
CID can hamper the correct assignment of the phosphosites
in such peptides. Therefore, a concerted effort has been
made to understand, in detail, the rules of phosphopeptide
fragmentation. Currently, there are a number of tools that
allow automated site assignment (36, 37), including some that
can exploit MSn (38) and electron capture dissociation/ETD
data (39). Reid and co-workers (40) recently investigated
phosphopeptide fragmentation from a more mechanistic
point of view. Interestingly, their results demonstrated that the
phosphate group neutral loss pathway observed in low energy
CID operates, for the greater part, through an SN2 mechanism
and not through the �-elimination pathway. This charge-di-
rected mechanism requires proton abstraction as an initiation
step and neighboring group participation. Worryingly, further
mechanistic work, using synthetic phosphopeptides to ex-
plore the phosphate neutral loss pathway, allowed the iden-
tification of rearrangement reactions involving the phosphate
group during low energy CID fragmentation. The rearrange-
ment takes the form of a relocation of the phosphate group to
an alternative hydroxyl group within the peptide. Thus, when
performing a comprehensive annotation of the spectra, one

would be able to observe multiple possibilities for the location
of the phosphate group, referred to as phosphate group
scrambling (41). The authors note that the issue is more
apparent when there are no mobile protons (42) and that the
scrambling will be more dominant when low energy millisec-
ond time frames are used for CID such as in an ion trap. These
observations evidently have raised even more concerns re-
garding the possible accuracy available for phosphosite
localization.

Here, we investigate the extent of rearrangement reactions
involving the phosphate group during low energy CID frag-
mentation by generating a large scale phosphoproteomics
data set consisting of phosphopeptides fragmented sequen-
tially and independently by both low energy CID and electron
transfer dissociation with supplemental activation (ETcaD) us-
ing an ETD-enabled LTQ Orbitrap instrument. We utilize the
ETcaD spectrum to allocate the “correct” phosphate group
position and compare it with the position allocated by the CID
spectrum.

MATERIALS AND METHODS

Digestion of Cell Lysate—1 mg of human cell lysate in 8 M urea was
reduced with DTT (45 mM; 30-min incubation at 50 °C) and alkylated
with iodoacetamide (100 mM; 30-min incubation). For the trypsin
digestion, 1 mg of lysate was digested with Lys-C (1.25 �g; 4-h
incubation at 37 °C) in 7 M urea followed by digestion with trypsin (15
�g; incubation overnight at 37 °C) after dilution to 2 M urea. For the
Lys-N digestion, 1 mg of lysate was digested with Lys-N (5 �g; 3-h
incubation at 37 °C) in 5 M urea followed by digestion with Lys-N (5
�g; incubation overnight at 37 °C) after dilution to 2 M urea.

Peptide Prefractionation by SCX—SCX was performed as de-
scribed previously (5, 43). In brief, peptides from each digest were
loaded onto two C18 cartridges using an Agilent 1100 HPLC system.
The flow rate applied was 100 �l/min using water, pH 2.7 as solvent.
After that, peptides were eluted from the trapping cartridges with
80% acetonitrile, pH 2.7 onto a PolySULFOETHYL A 200 � 2.1-mm
column (PolyLC) for 10 min at the same flow rate. Separation of
different peptide populations was performed using a non-linear 65-
min gradient as follows: 0–10 min, 100% solvent A (5 mM KH2PO4,
30% acetonitrile, pH 2.7); 10–15 min, up to 26% solvent B (5 mM

KH2PO4, 30% acetonitrile, 350 mM KCl, pH 2.7); 15–40 min, to 35%
solvent B; and 40–45 min, to 60% solvent B. At 49 min, the concen-
tration of solvent B was 100%. The column was subsequently washed
for 6 min with high salt concentration and finally equilibrated with
100% solvent A for 9 min. The flow rate applied during the SCX
gradient was 200 �l/min. Fractions were collected in 1-min intervals
for 40 min. After evaporation of the solvents, fractionated peptides
were resuspended in 10% formic acid.

Mass Spectrometry—SCX fractions were analyzed on a reversed
phase nano-LC-coupled LTQ Orbitrap XL ETD instrument (Thermo
Fisher Scientific). An Agilent 1200 series HPLC system was equipped
with a 20-mm Aqua C18 (Phenomenex) trapping column (packed in
house; 100-�m inner diameter, 5-�m particle size) and a 400-mm
ReproSil-Pur 120 C18-AQ (Dr. Maisch GmbH) analytical column
(packed in house; 50-�m inner diameter, 3-�m particle size). Trap-
ping was performed at 5 �l/min solvent C (0.1 M acetic acid in water)
for 10 min, and elution was achieved with a gradient from 10 to 30%
(v/v) solvent D (0.1 M acetic acid in 1:4 acetonitrile:water) in solvent C
in 110 min followed by a gradient of 30–50% (v/v) solvent D in solvent
C in 30 min, a gradient of 50–100% (v/v) solvent D in solvent C in 5
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min, and finally 100% solvent D for 2 min. The flow rate was passively
split from 0.45 ml/min to 100 nl/min. Nanoelectrospray was achieved
using a distally coated fused silica emitter (360-�m outer diameter,
20-�m inner diameter, 10-�m tip inner diameter; New Objective)
biased to 1.7 kV. The LTQ Orbitrap ETD instrument was operated in
the data-dependent mode to automatically switch between MS and
MS/MS. Survey full-scan MS spectra were acquired from m/z 350 to
m/z 1500 in the Orbitrap with a resolution of 60,000 at m/z 400 after
accumulation to a target value of 500,000 in the linear ion trap. The
two most intense ions at a threshold of above 500 were fragmented
in the linear ion trap using CID at a target value of 30,000 and ETcaD
at a target value of 50,000. The ETcaD reagent target value was set to
100,000, and the reaction time was set to 50 ms.

Data Processing—From every raw data file recorded by the mass
spectrometer, representing a single SCX fraction, two different peak
lists containing either CID or ETcaD fragmentation data were gener-
ated using Proteome Discoverer (version 1.0, Thermo Fisher Scien-
tific) with a signal-to-noise threshold of 3 and the following settings for
the ETcaD non-fragment filter: precursor peak removal with 4 Da,
charge-reduced precursor removal with 8 Da, and removal of known
neutral losses from charge-reduced precursor with 8 Da within a
window of 120 Da. Single fraction peak lists of the major phos-
phopeptide-containing SCX fractions for trypsin-derived and Lys-N-
derived peptides were then merged into four larger peak lists, namely
trypsin CID, trypsin ETcaD, Lys-N CID, and Lys-N ETcaD. Mascot
(version 2.2.04, Matrix Science) was used to search these peak lists
against an in-house built database (150,852 entries) assembled from
the International Protein Index human database (version 3.54, http://
www.ebi.ac.uk/ipi) plus all sequence-reversed entries of the latter.
The following parameters were used for database searching: 5-ppm
precursor mass tolerance; 0.6-Da fragment ion tolerance; up to two
miscleavages allowed; carbamidomethylcysteine as a fixed modifica-
tion; and phosphorylated serine, threonine, or tyrosine as a variable
modification. The enzyme was specified as either trypsin or Lys-N,
and the fragment ion type was specified as either ESI-TRAP or
ETD-TRAP. Peptide matches were established at a significance level
of �0.05 and above or equal to an ion score of 20. Only first ranking
and bold peptides were considered for identification. The false dis-
covery rate for this peptide identification process was estimated as
the fraction of all peptides that matches to a reversed database entry
and is between 0.6 and 1.0% for all four data sets. PTM scoring was
performed only on the trypsin CID and Lys-N CID data sets using
MSQuant (version 2.0a81, http://msquant.alwaysdata.net) (44). Fur-
ther data processing was performed with Excel (supplemental Table 1
and Table 2). Scaffold data files (www.proteomesoftware.com) of
fragmentation spectra are publicly available in the repository
Tranche (https://proteomecommons.org/) using the following hash
code: E64Vo7Il4PbzgMb2yUYidoarn/1yFptVEcStGn4OBDS61nbc-
M7/9WXcyRgT9mF6ASht9hBItFumDLKW6/FKVgLmCRfEAAAAAA-
AAGsA��.

RESULTS AND DISCUSSION

To study the potential effect of phosphate group rearrange-
ment on the identification of a phosphorylation site, we per-
formed in a single run sequentially both CID and ETCaD (45)
on all peptides. The experiment was carried out using the
following proteomics work flow. The phosphopeptide mixture
was generated by digestion of a lysate of human cells with
Lys-N (46) or trypsin followed by SCX, which was fine tuned
for the enrichment of singly net charged phosphorylated pep-
tides as described previously (5). Selected SCX fractions were
further separated by on-line reversed phase nano-LC and

analyzed on an LTQ Orbitrap ETD instrument that was con-
figured to fragment every peptide precursor with both CID and
ETcaD. The time required for the full CID or ETcaD scan,
typically a few hundred milliseconds, was short compared
with the elution period of a peptide, which is �1 min. Thus, the
peptide precursor isolated for fragmentation by ETcaD was
considered identical to the precursor isolated for fragmenta-
tion by CID. Two different peak lists, comprising either CID or
ETcaD fragmentation data, were generated for both the Lys-N
and trypsin analyses and searched separately with Mascot.
After database searching, the peptide identifications obtained
from CID and ETcaD peak lists were merged, resulting in a
Lys-N data set and a trypsin data set.

In the trypsin data set (Fig. 1A), 2511 singly phosphorylated
peptides (of these, 911 unique) were identified by CID, and
1831 phosphorylated peptides (of these, 740 unique) were
identified by ETcaD. From these two groups, 1464 phosphor-
ylated peptides (of these, 593 unique) were identified with
CID and ETcaD consecutive fragment ion spectra. For these
peptides, for which sequence information derived from com-
plementary fragmentation modes is available, 1316 peptides
(of these, 561 unique) or 90% had been assigned identical
phosphate group positions by Mascot without any further site
validation or inspection of the Mascot delta score (Fig. 1B).
The remaining 148 peptides (of these, 93 unique) or 10% had
been assigned different phosphate group positions. To obtain
a higher level of certainty about the localization of the phos-
phate group when derived from the CID spectrum, assuming
the ETcaD spectrum provided the correct site assignments,
we also evaluated the phosphate group position by PTM
scoring as implemented in MSQuant (44), which is based on
an algorithm that uses the four most intense ions per 100 m/z
in an MS2 spectrum. When analyzing the phosphorylated
1464 peptides with PTM scoring, 1089 peptides or 74% had
been assigned identical phosphate group positions, and 138
peptides or 9% had been assigned different phosphate group
positions. The remaining 237 peptides or 17% could either
not be scored by the PTM scoring algorithm or the position of
the phosphate group in the CID spectrum could not be un-
ambiguously determined, which was reflected by multiple
highest scoring phosphate group positions with nearly equal
scores. In this case, no decision was made between agreeing
or disagreeing phosphate group positions because the CID
spectra alone did not allow distinguishing between two or
more possibilities. This group of peptides with ambiguous
phosphate group positions might potentially contain spectra
with highly abundant fragment ions indicative of phosphate
group rearrangement; this is discussed in more detail below.

The Lys-N data set (Fig. 1C) gave a picture very similar to
that of the trypsin data set. Approximately 3000 singly phos-
phorylated peptides (of these, 678 unique) were identified by
CID, and 1891 peptides (of these, 456 unique) were identified
by ETcaD. The overlap is formed by 1651 peptides (of these,
402 unique), which were identified by both CID and subse-

Significance of Phosphate Group Rearrangement

2142 Molecular & Cellular Proteomics 9.10

http://www.mcponline.org/cgi/content/full/M900619-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900619-MCP200/DC1
http://cptac.tranche.proteomecommons.org/rudnicketal.html


quent ETcaD. For 1416 of these peptides (of these, 376
unique) or 86%, an identical position of the phosphate group
had been derived from both the CID and ETcaD spectra,
whereas for 235 peptides (of these, 109 unique) or 14%, the
site was different (Fig. 1D). As for the trypsin data set, the CID
spectra were processed with PTM scoring to validate the
position of the phosphate group, resulting in the following
figures. From the total of 1651 peptides, 1224 or 74% had
been assigned identical phosphate group positions, and 138
or 8% displayed different phosphate group positions. The
remaining 289 peptides or 18% either could not be scored or

had multiple highest scoring phosphate group positions in the
CID spectrum, classifying these peptides as ambiguous. Sim-
ilar to the trypsin data set, the group of phosphopeptides
containing ambiguous phosphate group positions is poten-
tially most interesting.

In both data sets, the position of the phosphate group was
identical for most peptides that had been identified from their
CID and subsequent ETcaD spectra. Specifically, this was
true for 86% (Lys-N) or 90% (trypsin) of all peptides with
complementary sequencing information if the phosphate
group position was taken directly from the search engine and

FIG. 1. Number of phosphorylated peptides identified in trypsin and Lys-N data sets. A, comparison of the number of singly
phosphorylated tryptic peptides identified from CID or ETcaD fragmentation spectra. The overlap represents the number of peptides that were
identified from both CID and ETcaD fragmentation spectra in the cases where the ETcaD scan directly followed the CID scan. Peptides with
different amino acid sequences were counted as unique irrespective of the position of the phosphate group. B, classification of peptides within
the overlap according to the agreement or disagreement of the phosphate group positions. The left bar shows the fraction of peptides for which
the position of the phosphate group was in agreement between CID and ETcaD (blue) and the fraction of peptides for which there was
disagreement over the position (black) when taking the phosphate group position directly from the Mascot search engine. The right bar shows
this classification according to PTM scoring. Peptides for which PTM scoring could not distinguish between two possible phosphate group
positions are classified as ambiguous (red), and the groups of peptides that were not scored by PTM scoring are displayed in white. The middle
bar depicts the same grouping but for the classes of agreeing and non-agreeing phosphate group positions when taken from the search engine.
C and D show the same information as A and B but for the Lys-N data set.
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for 74% if the position derived from the CID spectrum was
validated by PTM scoring. As rearrangement of phosphate
groups is suspected to take place only during CID in the ion
trap but not during ETcaD, only CID spectra can potentially
contain fragment ions indicative of gas phase rearrangement.
If these features would have been more abundant, both in
terms of number of CID spectra affected and in terms of
intensities of the features in the CID spectra, we would have
expected to see many more peptides with disagreeing phos-
phate group positions. In the cases the CID phosphate group
position was evaluated by PTM scoring, we would have ex-
pected a higher level of peptides with ambiguous phosphate
group position in CID. From all our observations, we conclude
that if some gas phase rearrangement had taken place it did
not affect the identification of the phosphate group position in
the majority of cases; i.e. identical phosphate group positions
were observed between CID and ETcaD spectra. Irrespective
of this conclusion, gas phase rearrangement might still have
taken place during CID fragmentation with or without having
affected the determination of the correct phosphate group
position by the search engine or by PTM scoring. One possi-
ble way is that the group of peptides for which identical
phosphate group positions were obtained might still contain
CID spectra with features indicative of phosphate group re-
arrangement, but these features might have been of such low
abundance that they did not hinder the search engine or PTM
scoring reporting the correct phosphate group position. Alter-
natively, within the groups of peptides for which different or
ambiguous phosphate group positions were reported, the
indicative fragment ions corresponding to phosphate reloca-
tion might have been dominant in the CID spectra such that
the correct phosphate group position was not reported by the
search engine or PTM scoring. In the case of phosphate
group position ambiguity, the PTM scoring algorithm might
not have been able to distinguish between the correct and the
rearranged phosphate group position, leading to multiple
highest scoring positions.

If rearrangement had taken place, in all three peptide
groups (identical position, different position, and ambiguous
position), it would only have affected the CID spectra but not
the ETcaD spectra because ETD has limited intramolecular
energy dissipation (47). Therefore, the probability of a less
likely peptide match with identical amino acid sequence but
different phosphate group position should have increased for
a peptide match when derived from the CID spectrum but not
when derived from the ETcaD spectrum. This difference in
probability is directly reflected in the Mascot delta ion score of
a peptide, which is the difference of the ion score of the most
likely, i.e. identified, peptide match and the ion score of the
next ranking, sequence-identical peptide match. We used this
delta ion score as a measure to compare the significance of a
phosphate group positioning in CID and ETcaD (28). For cal-
culating the delta ion score, we also used peptide sequence
matches with a rank lower than the upper two matches if the

matched amino acid sequence was identical to the highest
ranking peptide sequence match. In this case, as the two
peptides sequences for which the delta ion score is calculated
are identical in their primary amino acid sequence and only
differ in the position of the phosphate group, the delta ion
score is directly related to the presence and intensity of the
fragment ions that can distinguish the two possible phosphor-
ylation sites.

In the trypsin data set, for 1167 (or 90%) of the 1374
phosphorylated peptides for which complementary sequenc-
ing information was available and which could be grouped by
PTM scoring, a delta ion score could be calculated for both
CID and ETcaD. The remaining 207 (or 10%) of the peptides
did not have a next lower ranking, sequence-identical peptide
match in either CID, ETcaD, or both. In the Lys-N data set, for
1257 (or 78%) of 1618 peptides, a delta ion score could be
calculated for both CID and ETcaD, whereas the remaining
361 (or 22%) of the peptides had no delta ion score in either
CID, ETcaD, or both. In both data sets, many peptides without
a delta ion score contain only a single serine, threonine, or
tyrosine residue and hence cannot show rearrangement per
se. In the trypsin data set, the comparison of the delta ion
score for CID versus the delta ion score for ETcaD, broken
down to the three peptide groups that were generated by
PTM scoring, showed that all peptides are relatively evenly
distributed over the delta ion score space (Fig. 2A). Peptides
for which identical phosphate group positions had been de-
termined showed the same distribution (Fig. 2B). Peptides for
which non-identical phosphate group positions had been de-
termined showed a mild preference toward a small delta ion
score in ETcaD coupled with a more widely distributed delta
ion score in CID (Fig. 2D). Logically, peptides with ambiguous
phosphate group positions had a mild bias toward a larger
delta ion score in ETcaD (Fig. 2C). The Lys-N data set dis-
played very similar behavior in all groups of peptides
(supplemental Fig. 1); that is the same distortions of the delta
score distributions were observed for peptides for which am-
biguous or non-identical phosphate group positions had been
found although slightly less clear cut than in the trypsin data
set.

Based on the analysis of the delta ion score distributions of
peptides with non-identical phosphate group positions, we
concluded that these peptides were classified as such be-
cause the CID and ETcaD spectra did not provide sufficient
certainty to distinguish different potential phosphorylation
sites. The delta ion score distributions of the group of pep-
tides with ambiguous phosphate group positions gave a sim-
ilar impression. In both groups (ambiguous and non-identical),
the uncertainty of phosphate group position, as reflected by
the delta ion score, was not related to the spectral quality as
reflected by the ion score (supplemental Fig. 2). Both the CID
and ETcaD ion scores of peptides in these two groups were
evenly distributed over the whole score range, and most had
a delta score below 15. This observation was also true when
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the CID and ETcaD ion scores were normalized for the pep-
tide length (supplemental Fig. 3), a normalization method that
takes into account that peptide ion scores generally increase
with peptide length even though spectral quality does not
improve (34). However, when manually inspecting spectra
from both peptide groups (ambiguous and non-identical), we
found that many peptides had either a low CID or a low ETcaD
ion score, reflecting either low quality CID or low quality
ETcaD spectra; i.e. one of the pair of spectra was poor. We

also observed that many peptides showing ambiguous or
non-identical phosphate group positions had other properties
that had hindered the clear determination of the phosphate
group in either the CID or the ETcaD spectra. One of the most
influential properties is the number of serine/threonine/tyro-
sine residues and their relative locations. As the number of
residues increases, the possibility of unambiguously detect-
ing the phosphate group position correctly in CID decreases.
In both data sets, we observed that peptides with ambiguous
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FIG. 2. Ambiguity of phosphosite assignment evaluated by delta ion scores. All plots show delta ion scores for ETcaD versus delta ion
scores for CID for the trypsin data set. A, all peptides (gray). B, peptides with identical phosphate group position (black) versus all peptides
(gray). C, peptides for which the phosphate position in CID was ambiguous (black) versus all peptides (gray). D, peptides with non-identical
phosphate group position (black) versus all peptides (gray).
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or non-identical phosphate group positions are biased toward
containing higher numbers of phosphorylatable residues
(supplemental Fig. 4). Another noteworthy property that hin-
ders the assignment of the phosphate group position, partic-
ularly in ETcaD spectra, because of the fragmentation regime
is the localization of phosphorylatable residues close to the
termini of the peptide as small m/z fragment ions are un-
likely to be detected abundantly, if at all, in the ion trap
(48–50). To conclude, when manually inspecting CID and
ETcaD spectra of peptides with ambiguous or non-identical
phosphate group position, no fragment ions that could have
clearly indicated phosphate group rearrangement could be
found. In fact, for every peptide investigated in these two
groups, one or more of the factors prevented the unambig-
uous or even correct identification of the phosphate group
in either the CID or ETcaD spectrum or both. Moreover, in
cases where a fragment ion indicative of phosphate group
rearrangement might have been found, it was not distin-
guishable from noise.

Although our observations for singly phosphorylated pep-
tides suggested a minimal effect of scrambling, this may not
be the case for all types of phosphorylated peptide. We
extended our approach for evaluating phosphorylation site
scrambling to peptides containing more than one phosphate
group. Access to such peptides is made possible by the SCX
strategy, which provided the above phosphorylated peptide
pools (5). Essentially, multiply phosphorylated peptides elute
close to the beginning of the SCX separation. Eight of the
early fractions, which should contain multiply phosphorylated
peptides, were subjected to the alternating CID/ETcaD anal-
ysis regime. In this trypsin data set (supplemental Fig. 5 and
supplemental Table 3), 483 doubly phosphorylated peptides
(of these, 141 unique) were identified by CID, and 210 (of
these, 79 unique) were identified by ETcaD. Please note that
all phosphorylated peptide spectra are available in Tranche in
the form of a Scaffold file. From these two groups, however,
only 29 doubly phosphorylated peptides (of these, 17 unique)
were identified with CID and ETcaD from consecutive frag-
ment ion spectra. The spectra of multiply phosphorylated
peptides subjected to low energy ion trap CID are dominated
by neutral loss peaks, whereas ETcaD struggles because the
peptides are often ionized as doubly charged (9), explaining
the poor overlap. Nevertheless, 26 peptides of the overlap-
ping 29 had been assigned identical phosphorylation sites by
Mascot without any further site validation. However, manual
validation showed that most spectra and consequently phos-
phorylation site assignments were rather poor due to the
generally worse fragmentation of multiple phosphorylated
peptides. This was also reflected in many peptides having
very small Mascot delta ion scores. In agreement with the
finding for the singly phosphorylated peptides, no indications
for phosphate group rearrangement could be found in this
small set of doubly phosphorylated peptides, making our
conclusion more general.

Our SCX approach has been refined to isolate phos-
phopeptides with a solution net charge of 0 (doubly phosphor-
ylated) and 1� (singly phosphorylated) in which the major
population of peptides contains two basic moieties (5). Con-
sidering that our peptides in the gas phase will have a mini-
mum of two charges for tandem MS to occur, then the ma-
jority of the peptides contained within our data set possessed
“mobile” protons (42). Thus, our findings are in agreement
with Palumbo and Reid (41) who observed that fragment ions
indicating phosphate group rearrangement are much more
prominent for peptides in a non-mobile proton situation than
for peptides in a partially mobile or even less mobile proton
situation.

In summary, we have assessed the effect of gas phase
phosphate group rearrangement under LC-MS conditions
typically used in a proteomics experiment. By comparing
phosphate group positions derived from CID and ETcaD
spectra, we observed in both data sets that for 74% of all
phosphopeptides for which complementary sequencing infor-
mation exists assignments of phosphate group positions were
identical. Moreover, close inspection of the remaining 26%
also revealed no clear evidence for significant phosphate
group relocation. The spectrum quality of these 26% was
generally lower due to factors such as poor fragmentation and
sequences causing inefficient fragmentation. This indicates
that, although we cannot exclude that some phosphate group
rearrangement might have occurred, it did not affect the iden-
tification of the correct phosphosites in large data sets of
trypsin- and Lys-N-generated peptides.
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